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The Doppler ﬂow wave form and its derived measures such as the pulsatility index provide clinically important tools for the
investigation of arterial disease. The typical shape of Doppler ﬂow wave forms is physiologically known to be largely determined by
both peripheral resistance and elastic properties of the arterial wall.
In the present study we systematically investigate the inﬂuence of both vessel wall elasticity and peripheral resistance on the ﬂow
wave form obtained from a CFD-simulation of blood ﬂow in the carotid bifurcation. Numerical results are compared to in vivo
ultrasound measurements. The in vivo measurement provides a realistic geometry, local elasticities and an input ﬂow wave form for
the numerical experiment.
Numerical and experimental results are compared at three different sites in the carotid branches. Peripheral resistance has a
profoundly decreasing effect on velocities in the external carotid artery. If elasticity is taken into account, the computed peak systolic
velocities are considerably lower and a more realistic smoothing of the ﬂow wave form is found. Together, the results indicate that
only if both vessel wall elasticity and positive peripheral resistance are taken into account, experimentally obtained Doppler ﬂow
wave forms can be reproduced numerically.
r 2006 Elsevier Ltd. All rights reserved.
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Atherosclerosis of the carotid arteries is a major cause
of ischemic cerebrovascular accidents. Different studies
have shown that atherosclerotic sites correlate strongly
with regions of disturbed ﬂow (see Ross, 1993; Ku, 1997;
Kleinstreuer et al., 2001 for overviews). However, the
precise hemodynamic determinants of atherosclerotic
disease are not yet completely understood.
In the last decades computational ﬂuid dynamics
(CFD) studies have greatly enlarged our knowledge
of hemodynamic factors involved in atherogenesise front matter r 2006 Elsevier Ltd. All rights reserved.
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ess: n.m.maurits@neuro.umcg.nl (N.M. Maurits).(Kleinstreuer et al., 2001; Ku, 1997). Only recently,
have CFD results been directly compared to hemody-
namic ﬂow parameters obtained in vivo (Long et al.,
2000; Milner et al., 1998; Moore et al., 1999; Zhao et al.,
2000; Cebral et al., 2002). Validated CFD models can be
very valuable in the early detection of vessels at risk and
the prediction of future disease progression.
Of the currently available measurement techniques,
duplex ultrasound imaging is a quick, non-invasive, safe
and relatively cheap method to visualize arterial
geometry and ﬂow in vivo (von Reutern and von
Bu¨dingen, 1993). Clinically, some characteristics of the
(Doppler) ﬂow wave form, such as systolic, mean and
diastolic velocities and the pulsatility index (PI ¼ (systo-





DCCA Distal common carotid
artery
2 cm before bifurcation
PICA Proximal internal carotid
artery
3 cm after bulbus (‘carotid
sinus’)
MICA Mid-internal carotid artery Half-way between PICA
and DICA
DICA Distal internal carotid
artery
Most distal point that can
be measured with
angleo601





DECA Distal external carotid
artery




Measured vessel diameters (circular, except for the bifurcation, where
the largest cross-sectional length was taken) and relative distensibility







DCCA 0 0.69 16
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different vessels, to assess vessel wall elasticity, the
presence of distal stenoses, generalized downstream
pressure increase, and generalized loss of elasticity.
The PI was found to be linearly related to peripheral
resistance, independent of ﬂow and pressure. This
further supports its clinical use (Legarth and Thorup,
1989; Legarth and Nolsoe, 1990).
Even in healthy subjects, the waveforms in the
common (CCA), internal carotid artery (ICA) and
external carotid artery (ECA) have different shapes,
due to higher peripheral resistance in the arteries
supplied by the ECA compared to the ICA and
decreasing elasticity with distance from the bifurcation
in the ICA- and ECA-branches compared to the CCA
(Reneman et al., 1996).
To our knowledge, the combined inﬂuence of
peripheral resistance and vessel wall elasticity on CFD
results has not yet been studied. However, CFD ﬂow
parameters obtained from rigid and elastic carotid wall
models, keeping all other parameters the same, have
been compared. Typically, in the elastic models, a
considerable reduction in shear stress is found (Perktold
and Rappitsch, 1995; Rutten, 1998; Reuderink, 1991).
Peripheral resistance in a CFD model can in principle be
manipulated by altering the outﬂow boundary condi-
tions. Recently, Augst et al. (2003) have compared three
different outﬂow treatment schemes, showing that
variation of ﬂow patterns was strongly inﬂuenced by
outﬂow conditions. However, wall movement was
neglected in the latter study.
In the present study we systematically investigate the
inﬂuence of both peripheral resistance and elasticity on
CFD ﬂow parameters. Furthermore, instead of compar-
ing model (wall shear) stress patterns between different
models (e.g. Lee et al., 2004; Marshall et al., 2004), we
have compared the clinically relevant and easily
obtained ﬂow wave forms from the CFD calculations
to in vivo measurements.
We have considered a human carotid bifurcation,
being prone to atherosclerotic lesions. Four different
carotid bifurcation models have been investigated: rigid
and elastic walls, each with either traction-free outﬂow
or positive peripheral resistance. Our hypothesis is that
the best agreement in terms of ﬂow wave forms between
model and in vivo measurement will be found in the




ICA at apex 5 0.70 10
ECA at apex 5 0.55 10
Bulbus 7 0.80 12
PICA 10 0.63 10
DICA 14 0.50 8
PECA 7 0.42 6
DECA 11 0.35 42. Methods
2.1. Ultrasound measurements
The in vivo data were obtained using an Aloka SSD-
2000 ultrasound scanner, enhanced with a function tomeasure velocity proﬁles (Taniguchi et al., 1997), with a
7.5MHz linear probe. Scanning of the right carotid
artery was performed by a qualiﬁed, experienced
examiner; the subject (healthy female volunteer aged
30, who gave informed consent) was lying supine with
the head turned 451 from the side being scanned. The
pulse repetition frequency was adapted to prevent
aliasing. Per cardiac cycle, 6–18 frames were collected.
Each frame was analyzed to obtain time-dependent
velocity proﬁles. The Doppler wave form was measured
at each position; all positions are named and deﬁned in
Table 1. Vessel diameters were determined from cross-
sectional measurements (Table 2) assuring the oblique
position of the probe by a maximum reﬂection from the
far-wall border between lumen and intima. All measure-
ments were repeated twice; cross-sectionally and long-
itudinally. The maximum and minimum diameters were



























Fig. 1. Illustration of the volume and edge apertures (a) and the
location of the velocities (b). The shaded area represents a solid body.
Further notation used in the text is indicated in (b).
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A ﬁnite-volume cut-cell discretization of the Navier–
Stokes equations on a rectilinear (Cartesian) grid was
employed, thus enabling applications with arbitrary
complex (3D) geometries (Dro¨ge and Verstappen, 2005;
Yokoi et al., 2005).
The ﬂuid was considered as a homogeneous New-
tonian ﬂuid (Perktold et al., 1991) with a kinematic
viscosity of n ¼ 4 106 m2=s.
Therefore the incompressible Navier–Stokes equa-
tions were used (conservation form)Z
qV












ðpI3  mruÞ  ndS.
(2)
Here u is the velocity, r the pressure, m the dynamical
viscosity, r the density of the ﬂuid, n the normal on the
boundary qV of the control volume V and I3 the 3 3
identity matrix.
As the boundaries will generally not coincide with
grid lines, cell and edge apertures were introduced that
denote the fraction of the cell that is occupied by ﬂuid
(Fb) and the fraction of a cell face that is open to ﬂow
(Ax, etc.), respectively (Figs. 1a and b); compare the
‘open area ratios’ of Yokoi et al. (2005). The ﬂuid Eqs.
(1) and (2) were solved following the Marker and Cell
(MAC)-method (Harlow and Welch, 1965); the velo-
cities are placed at the cell faces and the pressures at the
cell centres. The ﬁnite-volume discretization of the
convective and diffusive terms took account of the
apertures (Appendix A). The resulting numerical meth-
od is stable (Verstappen and Veldman, 2003; Dro¨ge and
Verstappen, 2005).2.3. Elasticity model
A relatively simple model to describe the elastic wall,
assuming small longitudinal displacements, is the
independent ring model (Perktold and Rappitsch,





Z ¼ pw  p0, (3)
where rw denotes wall density, h wall thickness, Z wall
displacement, E Young’s modulus, n Poisson ratio, R0
vessel radius, pw ﬂuid pressure and p0 external pressure.
This model can be extended with damping and long-
itudinal tension (generalized string model, Formaggia
et al., 2001). The present model is chosen in the latter
spirit; it is implemented here as an elastic membrane
by using 3D particles connected by springs. It can bedescribed by a momentum balance equation
q2x
qt2
¼ af ðxÞ þ b qx
qt
þ Fpres, (4)
where x is the position of the particles or markers, a a
spring constant, b a damping constant, and Fpres the
force due to the transmural pressure ðpw  p0Þ across the
vessel wall. The ﬁrst term af(x) in (4) gives the spring
force on a particle due to the presence of its neighbors.
Each individual spring has its own spring constant that
is tuned to match the elastic force term in the
independent ring model (3) where Young’s modulus is
determined for each position in Table 2 from the
measured diameter d at diastole and systole. The local




At intermediate positions, Young’s modulus is
linearly interpolated.
The parameter b is chosen as a fraction of critical
damping in the one-dimensional homogeneous spring
equation for each spring ðbcrit ¼ 2
ﬃﬃﬃ
a
p Þ. The choice for b,
here set at bcrit=10, was found to be not very critical.
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The Navier–Stokes equations for the ﬂuid (Eqs. (1)
and (2)) and the wall equations for the structure (Eq.
(3)), are solved by a weak coupling method. Each time
step, ﬁrst, the Navier–Stokes equations are solved in all
interior ﬂuid cells. The pressure values are then used as
input for the wall equations, which then yield both the
new position and the velocity of the wall. It is not
obvious a priori that such an explicit coupling will be
numerically stable (Loots, 2003). We veriﬁed that in our
simulations the elastic wall is sufﬁciently stiff to ensure
numerical stability of this explicit coupling. For a less
stiff wall, an implicit numerical coupling per timestep
would have been necessary.
2.5. Boundary conditions; treatment of peripheral
resistance
The period of one cardiac cycle is chosen as 1 s, which
is a good approximation to the varying cycle length
during measurement. The inlet velocity is described
using the ultrasound measurements at DCCA (Fig. 2).
At the outlet we prescribe p ¼ pout and qu=qn ¼ 0
(Sani and Gresho, 1994) to comply with the ‘natural’
traction-free boundary condition (Perktold and Rap-
pitsch, 1995). The pressure pout has to be set at three
outlet boundaries: the external and internal carotid
branches and the thyroid artery. Both traction-free (i.e.
no additional peripheral resistance in the ECA) and
positive peripheral resistance boundary conditions have
been investigated.
In the traction-free outﬂow simulations, we set
pout;ICA ¼ pout;ECA ¼ p0, where p0 equals the external
pressure as in (3). If positive peripheral resistance is
simulated, we set pout;ICAopout;ECA consistent with the
experimental observation that most of the ﬂow (ca.
65%) passes through the ICA. Because of the incom-
pressibility of the ﬂow, the absolute pressure level hardly
inﬂuences the ﬂow pattern. Thus varying peripheral
















Fig. 2. Left: the input signal vin at DCCA. Right: measured ﬂow wave forpressures (i.e. the pressure difference). The outﬂow
pressure in the thyroid artery has an intermediate value,
but this artery has a small impact on the overall ﬂow
pattern in the ICA due to its relatively small diameter
(Zhao et al., 1999).
We have thus considered four different carotid
bifurcation models: rigid walls with either traction-free
outﬂow (model A) or positive peripheral resistance
(model B), and elastic walls with either traction-free
outﬂow (model C) or positive peripheral resistance
(model D).
2.6. Computational geometry
Since ﬂow through the superior thyroid artery (STA)
was found to have a signiﬁcant effect on ﬂow patterns in
the ECA (Zhao et al., 1999), and this artery originated
very soon after the bifurcation in the ECA in our human
volunteer, the geometry of the STA branch was also
taken into account in the model.
The central axes of the carotis communis, the internal
and external branch, as well as the thyroid branch were
deﬁned on the (x, y)-plane. By linear interpolation of the
local radii obtained from our ultrasound measurements at
the end of diastole, the radius as a function of the length
of each central axis was deﬁned. After that, the model was
divided into 87 conical-shaped segments (Fig. 3).
The geometry description, consisting of the apertures,
is obtained by computing for each cell and for each cell
face the fraction that is inside the union of the 87
segments. Part of the 3D surface markers, including
connections between segments, is shown in Fig. 4.
All methods described in this section have been
validated extensively in Loots (2003).3. Results
A complete set of measurements could be acquired at
PECA and DECA. Although velocity proﬁles from both



































0.06 0.07 0.08 0.09 0.1 0.11 0.12
Fig. 4. Partial geometry covered with markers and elastic springs at diastole. Units are meters.
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PICA and DICA, see Fig. 3). In Table 3, the measured and
calculated systolic, diastolic and mean velocities are given.
3.1. Flow wave forms
In general, the velocities increase between PECA and
DECA in all four models, as a direct consequence of the
decrease in diameter (and area) in downstream direc-
tion. The radius decreases from 2.1mm at PECA to
1.75mm at DECA, leading to a 50–60% increase of the
velocity (Table 3).
The systolic velocities are overestimated in the rigid
models A and B. This effect is strongest in model A, atDECA. Adding peripheral resistance (model B) leads to
similar velocities in the ICA, but has a profoundly
decreasing effect on velocities in the ECA; yet, the latter
velocities are still higher than measured. Diastolic ECA
velocities are similar to measured velocities in model B.
Models C and D provide elastic geometries. The
elasticity decreases in downstream direction, mostly in
the external branch. This is well-known from in vivo
measurements (Reneman et al., 1996) and was also
found in our measurements of the distensibility (Table
2). In both models C and D, the systolic velocities are
much more comparable to measured velocities than in
the rigid models. However, the systolic velocity is still
slightly overestimated at DECA, even in the model with
ARTICLE IN PRESS
Table 3
Systolic (max.), diastolic (min.) and time-averaged mean (mean) velocities and pulsatility index (PI ¼ max–min/mean) resulting from the in vivo
measurement (top) and the four numerical experiments (bottom)
Measurement Position
MICA PECA DECA
Max 0.85 0.62 0.71
Min 0.37 0.08 0.11
Mean 0.52 0.14 0.23
PI 0.92 3.86 2.61
Model calculations Rigid Elastic
Position
MICA PECA DECA MICA PECA DECA
Traction free Model A Max 0.91 0.84 1.33 Model C Max 0.73 0.65 0.97
Min 0.31 0.30 0.45 Min 0.35 0.31 0.50
Mean 0.47 0.45 0.69 Mean 0.45 0.41 0.66
PI 1.28 1.20 1.28 PI 0.84 0.83 0.71
Peripheral Resistance Model B Max 0.96 0.76 1.22 Model D Max 0.93 0.54 0.87
Min 0.41 0.09 0.13 Min 0.43 0.09 0.14
Mean 0.55 0.30 0.45 Mean 0.62 0.20 0.33
PI 1.00 2.23 2.42 PI 0.81 2.25 2.21
A: rigid walls, traction-free outﬂow, B: rigid walls, positive peripheral resistance, C: elastic walls, traction-free outﬂow, D: elastic walls, positive
peripheral resistance. Velocities are given in m/s.





















Fig. 5. Left: ﬂow wave forms for the four models at MICA. Right: measured ﬂow wave form at the same vertical scale as on the left. (b) Measured
systolic velocity, (bb) measured mean velocity, and (bbb) measured diastolic velocity.
N.M. Maurits et al. / Journal of Biomechanics 40 (2007) 427–436432positive peripheral resistance (model D). The effect of
positive peripheral resistance can be clearly seen; ICA
velocities increase whereas ECA velocities decrease,
most strongly for diastolic and mean velocities. This
effect is visible both in the rigid and elastic models. As
an effect of peripheral resistance the ﬂow through the
externa is reduced by a third.
In Figs. 5–7, the measured and calculated ﬂow wave
forms, during 1.25 cardiac cycles are shown at MICA,
PECA and DECA. For all models, the shape of the ﬂow
wave forms is very similar to that of the inﬂow pulse
(Fig. 2). At MICA the direct inﬂuence of the inﬂow
pulse, which reﬂects the mechanical heart action, islargely preserved, independent of the model. At DECA
and PECA the combination of elastic vessel walls and
peripheral resistance (model D) lowers the velocity
outside the systolic phase considerably. Elasticity alone
(model C) does not sufﬁciently dampen the velocities in
the diastolic phase, but does lead to more realistic
systolic velocities. The damping of the velocities due to
elasticity is reﬂected in the ﬂow wave form shape during
the entire pulse: peaks and valleys are less sharp (models
C and D). At all three positions in the carotid
bifurcation the best similarity in shape between the
measured ﬂow wave forms and the model ﬂow wave






















Fig. 6. Left: ﬂow wave forms for the four models at PECA. Right: measured ﬂow wave form at the same vertical scale as on the left. (b) Measured




















Fig. 7. Left: ﬂow wave forms for the four models at DECA. Right: measured ﬂow wave form at the same vertical scale as on the left. (b) Measured
systolic velocity, (bb) measured mean velocity, and (bbb) measured diastolic velocity.
− 0 + − 0 + − 0 +
Fig. 8. Measured velocity proﬁles at systole, left: DCCA, middle:
DICA and right: PECA.
N.M. Maurits et al. / Journal of Biomechanics 40 (2007) 427–436 4333.2. Velocity profiles
Measured and computed (model D) velocity proﬁles
are shown in Figs. 8 and 9. All proﬁles are strongly
skewed. For PICA and DICA, the maximum is located
on the right, near the ﬂow-divider wall. The proﬁle at
PECA is also maximal near the ﬂow-divider wall, while
at DECA the large velocities have shifted side. This can
all be explained by the carotid branch curvatures.
Measured and model velocity proﬁles are qualitatively
similar. They are block-shaped due to the non-statio-
narity of the ﬂow which can be expressed in the




. Here, the radius R ¼
3mm and angular frequency o ¼ 2pf ¼ 2p, yielding
aW ¼ 4:3. This value for aW is clearly outside the quasi-
stationary range aWo1, explaining the non-parabolical
appearance of the measured velocity proﬁles.4. Discussion
In this paper, we have systematically investigated the
inﬂuence of peripheral resistance and elasticity on the
Doppler ﬂow wave forms obtained from a CFD-modelof the carotid bifurcation, by comparing the results to in
vivo ultrasound measurements.
Ultrasound was used to obtain the geometry and
elasticities, the Doppler ﬂow wave forms and velocity
proﬁles, because it is a fast and non-invasive method.
Our observed diameters and distensibilities are similar
to values found in literature for the same sex and age
group (Mu¨ller et al., 1987; Scho¨ning et al., 1994; Hansen
et al., 1995; Meyer et al., 1997).
Peripheral resistance—being the ratio between perfu-
sion pressure and ﬂow—can be measured non-invasively
in the carotid arteries using applanation tonometry, but
































































Fig. 9. Calculated velocity proﬁles for model D and their positions in the geometry.
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2001). Peripheral resistance has succesfully been deter-
mined in vivo in the brachial artery however (Legarth
and Nolsoe, 1990). These in vivo measurements, and
model calculations (Legarth and Thorup, 1989), have
shown that peripheral resistance is linearly related to the
PI, which can be directly derived from the Doppler wave
form. The clinical importance of the PI is a reﬂection of
the fact that downstream arterial structures largely
determine the upstream ﬂow phenomena. We have
therefore represented peripheral resistance by prescrib-
ing different, constant pressure levels at the ICA and
ECA outﬂow boundaries.
Most recent CFD simulations of carotid bifurcations
also employ boundary conditions in which higher
peripheral resistance in the ECA is taken into account
by imposing the observed (variable) ﬂow division ratio
in the two branches (Marshall et al., 2004; Lee et al.,
2004). This type of boundary condition—but only when
elasticity is taken into account as well—can now be
concluded to be essential for a good correspondence
between CFD results and in vivo measurements. As
pointed out by Augst et al. (2003), it is not sufﬁcient to
only take the ﬂow division ratio into account according
to the cross-sectional areas of both branches. From our
study it can now be understood, that this would
effectively be a completely traction-free simulation.
In the simulations presented, the peripheral pressure
values are taken constant in time. In the absence ofelasticity, time-dependent peripheral pressure boundary
conditions will only change the pressure level and leave
the ﬂow pattern unaffected (because of the incompres-
sibility of the ﬂow). We therefore expect that in the
presence of elasticity, effects of time-dependent periph-
eral pressure boundary conditions on the ﬂow pattern
will be small. This is currently under investigation by
coupling our Navier–Stokes model to a lumped para-
meter model for the circulation.
The computed peak systolic velocities are consider-
ably lower and a more realistic smoothing of the ﬂow
wave form is found, if elasticity is taken into account.
This was also found by others (Perktold and Rappitsch,
1995; Hofer et al., 1996; Zhao et al., 2000) and is
corroborated by the fact that peak systolic velocities
generally increase in older people, mainly due to
degenerative elasticity loss (von Reutern and von
Bu¨dingen, 1993). Our results show that the ﬂow
velocities outside systole are hardly inﬂuenced by
elasticity. The incorporation of peripheral resistance
mainly inﬂuences the diastolic and mean ﬂow velocities;
both are increased in the ICA and decreased in the ECA
if peripheral resistance is taken into account. This
phenomenon is also found in pathology. In case of
increased downstream pressure, especially the diastolic
and mean velocities are known to decrease, whereas the
systolic peak velocity can be preserved for a long time.
In order to obtain an even better agreement between
experiment and simulation, it may be important to
ARTICLE IN PRESS
N.M. Maurits et al. / Journal of Biomechanics 40 (2007) 427–436 435improve upon the accuracy of the measurements. The
strong downstream decrease in the ICA and ECA
diameters that we found, may be overestimated. The
diameters of the distal positions may not be measured
with maximum accuracy, mainly because the curvature
of the vessels was such that an insonation angle between
301 and 601 was hard to obtain. Errors in the model
elasticity parameters a and b can cause changes in the
delay between maximum pressure and maximum wall
extension. We intend to study other normal controls, of
different ages, to evaluate the inﬂuence of these
experimental measurement errors.
In conclusion, we have shown that only if both
physical elasticity and peripheral resistance are taken
into account, a close resemblance between the Doppler
ﬂow wave forms obtained from ultrasound experiments
and the ﬂow wave forms from numerical calculations
can be obtained.Acknowledgement
We thank Dr. J.H. van der Hoeven for valuable
comments and E.B. Muskens and A.T.B. van Loon for
their technical assistance.Appendix A
The discretization in case of moving walls can be
explained with Fig. 1, where the open part of the
computational cell serves as a control volume (for clarity
of presentation it is taken 2D).
Applying mass conservation and using terminology
deﬁned in Fig. 1b Eq. (1) givesZ
G1
u  ndS þ
Z
G3
ub  ndS ¼ 0. (A.1)
Since ub corresponds with solid-body motion of the
cut-off part of the cell, the boundary integral along G3
can be rewritten along G2, yieldingZ
G1
u  ndS þ
Z
G2
ub  ndS ¼ 0. (A.2)
Expressed in cell apertures (Fig. 1a) and numerical
velocities u ¼ (u,v) and ub ¼ (ub, vb) (Fig. 1b) this
results in
 Ax;w dy uw þ Ay;n dx vn  Ay;s dx vs þ Ax;e dy ue
 ð1 Ay;sÞdx vb þ ð1 Ax;eÞdy ub ¼ 0. ðA:3Þ
For the momentum equations, similar alterations
concerning the moving wall have to be taken into
account. For details see Loots et al. (2003) and Loots
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